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ABSTRACT 

The nickel electrode is the specific energy limiting component in nickel battery systems. A concerted effort is currently 
underway to improve NiH, performance while decreasing system cost. Increased performance with electrode specific energy 
(mAh/g) is the major goal of this effort. However, cost reduction is also an important part of the overall program, achieved by 
reducing the electrode weight. A lightweight, high energy density' nickel electrode is being developed based on a highly porous, 
sintered fiber, nickel substrate. This developing technology has many applications, but is highly applicable to the military and 
aerospace industries. 


Introduction 

The aerospace industry has used the nickel-hydrogen bat- 
tery system for more than 20 years developing both an ex- 
tensive history and a large database. The aerospace industry 
demands a high degree of performance and reliability in 
which the nickel hydrogen battery is able to maintain. Ad- 
vances in technology are constantly being made. The focus 
of the present work is to develop an aerospace flight quali- 
fied nickel electrode. Rapid growth in earth orbital satellite 
applications, including small satellites, and increasing space- 
craft power system performance requirements, have created 
a need for improved flight qualified nickel hydrogen (NiH,) 
battery technology. However, these performance improve- 
ments must not compromise the inherent safety or reliability 
of the NiH, battery. A concerted effort is currently under- 
way to improve the NiH, performance while decreasing sys- 
tem cost. This effort involves work at the component, cell 
and full battery level. Component level development work 
includes performance enhancement and cost reduction at the 
basic electrode level. Increased performance, with electrode 
specific energy (mAh/g) as figure of merit, is the major goal 
of this effort. However, cost reduction is also an important 
part of the overall program. 

Electrode Substrate Material 

Eagle-Picher Ind., Inc. currently manufacture the sintered 
carbonyl nickel powder electrode substrate. This forms a 
rigid, highly porous matrix into which the nickel-hydroxide 
active material may be introduced. Sintered nickel powder 
is very strong and dimensionally stable, but it contributes 
adversely to the overall electrode weight. This type of elec- 
trode may account for more than 50% of the total weight in a 
typical aerospace nickel electrode. A lightweight substrate 
would greatly improve the electrode specific energy. The 


approach used in this development effort has been to utilize 
fiber based nickel electrode substrates, prepared using pro- 
prietary' micro-diameter metal fiber technology. This mate- 
rial is superior to prior fiber substrates based on the small 
fiber diameter, smaller equivalent pore size and dimensional 
stability. Two vendors which produce such substrates are 
Memtec America Corp. and Ribbon Technology Corp. Due 
to proprietary reasons, the data will not specify' to which com- 
pany it refers. 

The active material loading obtained typically with fiber 
based substrates has been relatively low. An additional prob- 
lem is that the active material utilization has also been typi- 
cally low. This results in an electrode with a relatively low 
specific energy (in terms of milliampere-hours per gram), 
even though the fiber is lighter in weight than sintered nickel 
powder. 

In general, the electrochemical impregnation method de- 
posits the nickel hydroxide active material directly into the 
pores of the electrode substrate from the “inside out Nickel 
hydroxide is produced inside the pore structure of the elec- 
trode by the nitrate reduction process. Since the outer pores 
near the electrode surface are filled last with active material, 
the entire electrode structure is used. This technique pro- 
vides for much more intimate contact between the active ma- 
terial, and the current collector, which results in a lower ef- 
fective current density during electrode operation. The re- 
sultant electrode has lower impedance, increased rate capa- 
bility. higher electrochemical utilization based on theoreti- 
cal energy density and improved cycle life. 

The small pore structure retains active material much bel- 
ter than a corresponding larger pore size material, which con- 
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tributes significantly to charge/discharge cycle life. As the 
electrode is cycled, the active material undergoes significant 
changes in phase, oxidation state, state of hydration, struc- 
ture, crystallinity, and density'. These changes in the active 
material cause the gradual extrusion of the active material 
out of the substrate and into the electrolyte/separator matrix 
in the cell. The smaller pore size fn the electrochemically 
impregnated substrate and the more intimate contact between 
the active material and the substrate minimizes this active 
material extrusion loss during cycling. 

Electrode Active Material Impregnation/Formation 

The highly porous substrate material allows the nickel hy- 
droxide active material to be inserted into the electrode. This 
work is being performed primarily for aerospace applica- 
tions. Therefore, the nickel hydroxide active material inser- 
tion method primarily being investigated is a close variation 
of the aerospace electrochemical impregnation method. 

In general, the porous electrode substrate is cathodically 
polarized in a bath of aqueous nickel-nitrate. The charge/ 
discharge cycle then forms the active material, creating a 
working nickel electrode. The basic chemical reactions are 
listed in Table I. The electrochemical reactions at the cata- 
lytic electrode are similar to basic alkaline fuel cell chemis- 
try'. When the nickel electrode is charged, the nickel active 
material is oxidized to a higher oxidation state at the nickel 
electrode. This is typically shown as a charge from nickel 
(II) to nickel (III). The reaction at the gas electrode is essen- 
tially the alkaline electrolysis of water, in the presence of a 
catalyst, to produce molecular hydrogen gas. This is essen- 
tially a reduction reaction. When the electrode is discharged, 
the nickel active material is reduced to its original state and 
the hydrogen gas is oxidized to form water, producing two 
electrodes per molecule of gas that reacts. 

Table I. Electrochemical Reactions Experienced 
by the Electrodes 

Water and Ion Balanced Reactions 

Positive: NiO(OH) + H,0 + e => Ni(OH) : - (OH)- 

Negative: ’AH, + (OH)- :=> ffO + e 

Net Reaction: V 2 H, + NiO(OH) => Ni(OH) : 

Unlimited Overcharge Capability 
Positive: 2(OH)- 2e + AO, -r H„0 
Negative: 2H,0 + 2e => 2(OH)- + H. 

AO, + H, => H,0 

High Cell Reversal Tolerance 
Positive: H,0 + e => (OH)- + AH, 

Negative: AH, + (OH)- => H,0 e 


Process parameters such as temperature, current, pH, and 
others are precisely controlled with specific limits. 

Electrochemical Impregnation Results 

A number of electrodes were tested within nine separate 
groups. 

Individual results were obtained, however. Table II shows 
all 80 electrodes averaged according to the category' from 
which they belong. 

The column labeled “Standard” is similar data for a stan- 
dard aerospace grade electrode. The initial substrate thick- 
ness for the R&D substrate was measured using a dial mi- 
crometer. The average initial substrate thickness is indicated 
along with the standard deviation, which is a measure of sub- 
strate uniformity. Table III shows the calculations used for 
each electrode and how the information was derived. 

Electrode Parameters after the 
Electrochemical Impregnation 

The sample area is constant since there is no measurable 
change with the length and width of the substrate. The thick- 
ness, however, does increase during the impregnation pro- 
cess. This is the result of filling substrate voids with nickel- 
hydroxide active material. The substrate is dimensionally 
stable in the length and width because of the way the that the 
fibers are randomly oriented within the electrode during the 
layering process. They are essentially interwoven in inter- 
locking layers. The substrate is much less stable in the thick- 
ness direction. Even though the substrate is sintered to pro- 
vide additional strength in this direction, the forces involved 
in the active material changes that occur cannot complete!} 
overcome. One of the major factors effecting ultimate elec- 
trode performance is this tendency towards thickness growth. 
Minimizing this effect is essential, particular!}' for a long life 
aerospace application, and is one of the major goals of the 
current study. 

As can be seen from Table II, the impregnated electrode 
thickness increases from 63.5% to 181.91%. This is consid- 
erably more than the corresponding increase observed in 
aerospace sinter powder electrodes. Growth occurs mainh 
during impregnation due to the addition of the nickel. Growth 
also occurs - although not as much - during formation as the 
result of active material expanding during the charge dis- 
charge cycle. Considerable progress has been made in opti- 
mizing fiber substrate parameters to minimize growth. While 
excessive thickness increase is not desirable, it is not neces- 
sarily prohibitive in an electrolyte starved compressed cell 
stack design, such as a NiH 2 cell design. Figures 1 & 2 show 
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Table II A Listing of the Average of All 80 Electrodes Used in the Study 


o — OC © vo — ©CNr-Nrrnp©p 

o ts 5 o § n «->t-' : Vrfnr~f»!'Ocr; 

^ rn « 6 7 't n 


- oo o o ■ — 

OO OO O CN © — — • CN OO ^ — © p 


r- © r- cn vo 

CN — 


is§SisS”I?iSSiSs^sl?s|i||p| 

^ w » o - Tt m d ? « « - o oojin 

tJ- CN 


tt ro oo o — rr m 

ON 


If) 

o 

o 

o 

m 

o 

vo 

CN 

CN 

© 

00 

© 


© 

rn 

o 

© 

vr, 

vr, 


Tf 

© 


ON 

© 



© 

© 

p 

p 

p 

O 

oo 

p 

— 


© 

p 

p 

tn 

— 

> 

d 

m 

00 

o 

ON 

d 

d 


d 

d 

d 

d 

ON 

< 





oo 





ON 




IT) 

o 

_ 

oo 

r- 

ON 

o 

rr 

CN 

oo 

rr 

rf 

to 

r- 

o 

o 


tn 

TJ- 


vn 

oo 


00 

oo 

oo 

CN 

© 

o 

p 

00 

o 

rN 

p 

p 


© 

p 

p 

© 

rn 

> 

tT 

CN 

r- 

d 


d 

<N 


o 

d 

d 

d 

rN 

< 





ON 





© 




If) 

o 

tr» 

On 

,, 3 - 

OO 

O 

CN 

CN 

oo 

^r 

m 


rr 

r-\ 

o 

ON 

m 

TT 

00 

r- 

— 


oo 

in 

r- 

— 

— • 

vJ 

© 

p 

r~~ 

p 

ON 

oc 

p 


© 

p 

p 

© 

p 

> 

d 

fNi 

r- 

d 

d 

<N 

CN 


d 

d 

d 

d 

d 

< 





on 





ON 





o 

r- 

o 



VO 

tT 

rN 

Tf 

r- 

© 

m 

r- 


o 


r^ 

vo 

tT 


t r\ 


O' 

© 

m 

r^- 

— 

O 

© 

m 

p 


p 

p 

p 


© 

p 

p 

CO 

p 

> 

d 

r^-i 

r- 

3 


d 

cd 


d 


vd 

d 

rN 

< 





O 





© 




C /3 

o 

rt 

O 

CN 

o 

Tt 


CN 

TT 

m 

oo 

Tf 

© 

a 


yr, 

vO 

v/~, 


on. 



© 

vo 

© 


ir, 

p 

p 

fNj 

o 

p 

oo 

p 


— 

p 

p 

© 

p 

> 

d 

eA 

r- 

— 

rn 

d 

d 


d 

vd 

vd 

vd 

vd 

< 





ON 





© 




C /3 

o 

C'i 

oc 


m 

oo 

00 

rN 

,— v 

r- 




rf 

r— i 

o 

oc 

vO 

t/~. 

oo 

r- 

r- 


00 

Tf 

C '4 

CN 

r- 

U 


r~- 

p 

o 

°0 

rs 

p 


© 

— ; 

p 

© 

p 

> 

rj* 

_j 

vd 

3 

rn 

d 

d 


© 

vd 

in 

d 

CN 

< 





ON 





© 




C /3 

o 

CN 

o 

if', 

oo 

t/N 

VTj 

CN 

© 

CN 

Tt 

© 

rN 


© 

CN 

t/N 

TT 

if', 

r^- 

ON 


r- 

r- 

oo 

© 

r- 

© 

© 

VT( 

p 

O 

p 

p 

p 


© 

m 

p 

00 

p 

> 

TJ- 

: 

vO 

3 

d 

d 

CN 


© 

© 

d 

d 

— 

< 














OO 

O 

o 

o 


rr, 

p 

© 

oc 

© 

TT 


m 

© 


© 

in 

© 

tT 

O 

ON 

p 


o 

© 

00 

P 


© 

© 


© 

© 

> 

d 

oo 



p. 

d 

rN 


d 

© 


d 

d 

< 





oo 





00 





— ON — O 0 s - ON O 


O o — io tn 




© r-“ no cm r- 
cn — 


CN OO S*_? ' 1 * l - rw v ^ x ' — ' " ' - rr 

ooooooqN^ars^ooritM^o 


vo on r- cn oo 

CN — 


-(NON^rtooNO'nt 
c~ cn © © t — r~^ 
Tf cn — 


0 s rn r- vo — 


oo — rO — — VD rn On r C fN fN C TO — 


vo n vo — 1 — ■ — r-~ cn cr 
rn © re 


CC ON p p 

d m d ^ 
— r- rN rr 
CN — 


23 g?gSS--KS^yc^o?d)o 

— fN C~ t/~) — »— 00 CC rC C- V} CN oo cr O' NO p o O 
0;? ®c>d-d ! N----Nd^»g^- 
C7 ' ~~ — rN — 


vo^oooONmTtON — n r^voor^- 
©i/cTr' ,; 3-trNc-v<-*Nr'-rN©rcp© — 

f^oo©© — ^voppppppp 

iTirTod^-^OOnTfOTr ONn 

ro$ r- © tt cj r- — © 

CN fN •— 


© -rr ■'-*- r- © rn © 

oc © vo oc no rf cj 

(N 'T ^ ^ Tf IT, o 

rf fsj OC O ^ 

oo cn © r~ — fN 


o — oooo 

m o oo to rr ir, 

© © oc © p p 

un O ty^, — « — — 


o o o 
r~~- m *n 
oo — oo 

vo rr r- 

r, \D IN 




w r- < 

fo'| £ 

> f/J 

<L> •” — 




S O U 
-* 5 e - 


■£ CO .o .2 

^ ^ 5 « .= •* c 

__ TJ “ N P = P 

I § j h= < i= < 

u_ u- I— ^ E < E 


/996 A/3S/1 Aerospace Battery Workshop 


-285- 


Nickel-Hydrogen Session 



Table III A Listing Of The Mathematical Formulas Used 


Approximate size (in 2 ) 
Substrate Weight (g) 

Raw Weight with Tab (g) 
Initial Thickness Average (in) 
Initial (thickness) Porosity (%) 
Initial Volume (cc) 

Initial Void Volume (ccvv) 
Number of Impregnation Cycles 
Final Thick Average (in) 

Final (thickness) Porosity (%) 
Final Volume (cc) 

Final Void Volume (ccvv) 


SAMPLE 

0.06 

9 

3.63 

9.2101 

AVERAGE OF THICKNESS 
100* INITIAL VOID VOLUME/INITIAL VOLUME 
APPROXIMATE SIZE*INITIAL THICKNESS AVERAGE* 16.39 
(INITIAL VOLUMEMSUBSTRATE WEIGHT/8.9) 

2 

AVERAGE OF THICKNESS 
100*FINAL VOID VOLUME/FINAL VOLUME 
APPROXIMATE SIZE*FINAL THICKNESS AVERAGE* 16.39 
(FINAL VOLUMEMSUBSTRATE WEIGHT/8.9) 


Final Weight (g) 

Finished Raw Weight (g) 
Finished Pick-up (g) 

Final (thickness) Load (g/ccvv) 


22.4668 

SUBSTRATE WEIGHT+GREEN WEIGHT 
FINAL WEIGHT-RAW WEIGHT WITH TAB 
FINISHED PICKUP/FINAL VOID VOLUME 


Flood Capacity* (Ah) 

Theoretical Capacity' (Ah) 

Utilization (%) 

mAh/in 2 

Ah/in 3 

mAh/cm 2 

mAh/cm 3 

Active mass (%) 

Inactive mass (%) 

Specific Energy (mAh/g) 


3.1177 

FINISHED PICKUP*0.289 

100* FLOOD CAPACITY/THEORETICAL CAPACITY 
1GOO*FLOOD CAPACITY/APPROXIMATE SIZE 

FLOOD CAPACITY /(APPROXIMATE SIZE*FINAL THICKNESS AVERAGE) 
1000*FLOOD CAPACITY/( APPROXIMATE SIZE*2. 54*2.54) 

1000* FLOOD CAPACITY/ 

(APPROXIMATE SIZE* 16.39*FINAL THICKNESS AVERAGE) 

1 00*FINISHED PICKUP/FINISHED RAW WEIGHT 
1 00*SUBSTRATE WEIGHT/FINAL WEIGHT 
1000*FLOOD CAPACITY/FINISHED RAW WEIGHT 


the percentage of weight and thickness gained and lost. This 
shows the greatest thickness occurring at the final formation 
and the most weight at the last impregnation. 

The electrode flooded capacity is determined by cycling in 
KOH. The electrode is charged at a constant C'2 rate until 
1 50% overcharge is reached. The electrode is then discharged 
at constant current at the C/2 rate and the time measured rela- 
tive to an end voltage (typically -1.7VDC verses the nickel 
counter electrode). The electrical capacity is then expressed 
in milliampere-hours. The electrode theoretical capacity is 
calculated from the finished active material weight in grams 
multiplied by 0.289 Ah/g. which is the theoretical energy 
density of the nickel-hydroxide electrochemical reaction, 
based on a one electron reaction (Ni+^'Ni-^-)- State-of- 
the-art aerospace electrodes manufactured by Eagle-Picher 
typically yield about 120% of theoretical capacity under these 


test conditions. This attests to the efficiency of the electro- 
chemical impregnation process. Low utilization has typi- 
cally been one of the major disadvantages of fiber substrates 
in the past (along with excessive active material bleeding 
and the thickness growth). The utilization problem has been 
essentially solved during the development phase of this pro- 
gram. 

Active material weight is typically lost during the forma- 
tion process due to simple extrusion and expulsion through 
vigorous gas). Also, any surface loading is easily lost during 
this step. In some respect, the measure of weight loss during 
formation is indicative of the efficiency of the impregnation 
step. A lower weight loss in formation indicates that the 
active material is more tightly held in the substrate pores and 
is not easily lost during electrical cycling in KOH. The ac- 
tive material weight loss during formation (expressed as a 
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ELECTRODE A 


ELECTRODE B 




Figures 1 and 2 

Electrode A is the electrode with the lowest specific energy. Electrode B has the highest specific energy. 


Group A - Comparing mAh/g to Thickness Increase 


Group B - Comparing mAh/g to Thickness Increase 




Figures 3 and 4 

Comparing the specific energy to the % thickness increase. 


percentage of the impregnated pick-up) varies from 5.82 j% 
to 1 2.055%. 

The final active material loading (grams of active material 
per cubic centimeter of electrode void volume) is calculated 
from the difference in the substrate weight and the final weight 
after formation. The actual grams of active material loaded 
into the substrate can be very accurately determined on an 
analytical balance. Finished loading ranged from 0.851 g/ 
ccvv to 1 .377 g/ccvv. Electrode specific energy is the en- 
erey storage capacity per weight of t lie electrode and is fig- 
ured bv watt-hours per gram (converted to mAh g). Specific 
energy ranges from 127.029 mAh/g to 183.065 mAh/g. In 


general, one group has higher specific energy, utilization, 
and flooded capacity, but also have higher thickness swell- 
ing. 

In general, the single biggest disadvantage of the nickel 
electrode can be conveniently expressed in terms of the ratio 
of active material in the electrode to inactive material in the 
electrode. In a state-of-the-art sintered nickel powder aero- 
space electrode, about 63% of the total weight of the nickel 
electrode is electrochemically inactive. This weight is com- 
prised of the sintered nickel powder substrate and the nickel 
wire mesh current collector. These components provide no 
energy storage capacity in the electrode, ConespondingK . 
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only 37% of the electrode weight is electrochemically active 
material. This is the reason that although the active material 
has a theoretical energy density of 289 mAh/g, the nickel 
electrode is much lower e.g. 1 20mAh/g, which is about 42% 
of theoretical. By comparison, fiber nickel electrodes are up 
to 60% active mass. This corresponds to an electrode spe- 
cific energy of 1 80 mAh/g of the theoretical specific energy 
of pure nickel active material. An increase of specific en- 
ergy from 120 to 180 mAh/g, 42% to 62% of theoretical, 
makes a very significant increase in overall specific energy 
at the full cell and battery level. The fiber based electrode, 
therefore, has the potential of significantly increasing the 
specific energy of the nickel hydrogen cell. 

Conclusions 

Most of the specific work done was primarily directed to- 
wards aerospace nickel hydrogen batteries. However, the 
nickel electrode technology developed is usable in a wide 
range of applications. Optimized electrode substrate micro- 
structure, micro-fiber diameters and small equivalent pore 
size have greatly improved the fiber electrode substrate. The 
electrochemical impregnation process allows more efficient 
active material loading into the substrate and yields higher 
active material utilization. Specific energy was increased 
and overall weight was decreased, both being the major goals 
of this project. Electrodes yielding up to 1 80 milliamphere- 
hours per gram, with high utilization, have been prepared on 
a laboratory scale. Scale-up to full flight weight nickel hy- 
drogen cells is underway. 

There is a considerable amount of literature available on 
the nickel electrode in general. Several papers have been 
published on fiber type nickel electrodes specifically (1-5). 
Eagle-Picher has done substantial work in the past on fiber 
nickel electrodes (5-7) and in conjunction with specific bat- 
tery Research and Development programs (8). 
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